Human immunodeficiency virus type 1 (HIV-1) infection is a chronic condition, where viral 26 DNA integrates into the genome. Latently infected cells form a persistent, heterogeneous 27 reservoir. The reservoir that reinstates an active replication comprises only cells with intact 28 provirus that can be reactivated. 29 We confirmed that latently infected cells from patients exhibited active transcription 30 throughout the provirus. To find transcriptional determinants, we characterized the 31 establishment and maintenance of viral latency during proviral chromatin maturation in 32 cultures of primary CD4 + T-cells for four months after ex vivo HIV-1 infection. As 33 heterochromatin (marked with H3K9me3 or H3K27me3) gradually stabilized, the provirus 34 became less accessible with reduced activation potential. In a subset of infected cells, active 35 marks (i.e., H3K27ac) remained detectable, even after prolonged proviral silencing. After T-36 cell activation, the proviral activation occurred uniquely in cells with H3K27ac-marked 37 proviruses. Our observations suggested that, after transient proviral activation, cells were 38 actively returned to latency. 39 40 Author Summary 41 HIV infection is a devastating disease affecting 35 million people worldwide. Current anti-42 retroviral treatment is highly effective and has made the HIV infection chronic. However, a 43
The abundance of mature multiply-spliced transcripts (tat-rev) was significantly lower 146 (p<0.05) than the abundances of five unspliced products. This indicated that latent proviruses 147 were actively transcribed to a low degree, but still, mature transcripts failed to emerge.
149
An established primary cell model with a single-round reporter 150 To elucidate the underlying transcriptional and chromatin landscape, we turned to an 151 established model for HIV-1 latency in primary human CD4 + T cells. Technical and ethical 152 issues hindered molecular characterization of chromatin in patient cells. This Bcl2-model 153 comprised CD4 + lymphocytes isolated from healthy individuals, which are amenable to 154 culture for extended periods of time [46, 47] (Fig 1B) . Here, we isolated CD4 + cells from fresh 155 peripheral blood collected from three healthy donors. These cells were immediately 156 stimulated with antibodies against CD3 and CD28 (αCD3-CD28) and grown in media 157 containing growth factors. After 72 h, cells were transduced with a lentiviral vector that 158 carried the gene that encoded anti-apoptotic Bcl2. Cells were then returned to quiescence by 159 culturing in cytokine-free media. After three weeks, the cells were either cryopreserved or re-160 stimulated with αCD3-CD28 for 72 h. Activated cells were infected with a HIV-1 reporter 161 virus and maintained under stimulating growth conditions for an additional three days. The
162
HIV-1 reporter virus was rendered replication-deficient with six mutations, but it encoded the 163 full-length viral genome. In addition, the GFP gene was inserted in the env coding region.
164
Bcl2-model cells isolated from the three healthy individuals were divided into two groups; 165 one was infected with HIV-1 immediately, and the other was infected after one freeze-thaw 166 cycle. 167 To determine the fraction of initially infected cells, we isolated DNA at three days 168 post infection (dpi). We quantified the levels of proviral DNA with ddPCR and three probes 169 that targeted gag and env ( Fig 1C) , as well as the 5´ LTR [48, 49] . For comparison, we 170 included the J-lat clone 5A8, a Jurkat-derived cell line with one integrated latent HIV-1 171 reporter provirus per cell [22, 50] . Among the Bcl2-model cells, the percentage of successful 172 HIV-1 infections ranged from 3.1% to 18.2% (median: 10.8%), estimated with the standard 173 gag probe, in parallel with the env probe (median: 9.8%) ( Fig 1D) .
174
The primary cells were infected with two lentiviruses, the Bcl2 construct and the 175 HIV-1 construct, both containing a 5´ LTR sequence; thus, the 5' LTR probe signal was 176 detectable at high levels (median: 19.5%). After the Bcl2 transduction, most model cells 177 remained in a primary state and were not transformed, as the 5´ LTR signal showed that only 178 a minority of the model cells contained the Bcl2 construct. This finding suggested that, rather 179 than protecting individual cells from apoptosis, the Bcl2-infected cells likely acted as isogenic 180 feeder-cells that secreted factors to sustain healthy primary cultures. The lentiviruses were 181 nearly exclusively integrated, because the 2-LTR circles were observed at low or undetectable 182 levels ( Fig S1) .
184
Intact provirus in a subset of cells 185 5
To determine the initial fraction of cells with intact proviruses, we quantified the prevalence 186 of proviruses with large internal deletions and APOBEC3G-induced hypermutations. These 187 mutational events typically occur before or during the integration of viral DNA.
188
Large deletions were estimated by the imbalance between the 5´ gag and internal env 189 signals ( Fig 1E) ; this imbalance was expressed as the log2 of the env/gag ratio. The donors 190 showed large variations, ranging from log2 (env/gag) of -0.03 to +0.19. As expected. DNA 191 from the control 5A8 cells, with a single intact provirus per cell, displayed a uniform ddPCR 192 signal across the provirus (log2 (env/gag) = -0.01).
193
To calculate the fraction of hypermutated proviruses, the env probe had been 194 designed to target an APOBEC3G hotspot. The primers and probe matched a cluster of 12 195 previously described APOBEC3G-induced mutations [51] . The APOBEC3G-induced G-to-A 196 mutations reduced the efficiency of the PCR reaction, and thus, they produced a lower signal 197 in a droplet containing a single mutated template. This result was reflected in the 198 characteristic "rain" signal observed below the cluster of env + droplets (Fig 1C, most 199 pronounced in donor II; Table S2 ). The donor cells showed varying levels of hypermutations, 200 ranging from 3.3% to 16% ( Fig 1F) . The 5A8 cells were used to confirm that virtually no 201 "rain" (0.2%) signal was detected in settings without hypermutations. These results confirm 202 that the large majority of the proviruses in the model cells are intact.
204

Number of HIV-1 infected cells diminishes in time 205
At 72 h after HIV-1 infection, we returned the cells to the resting state by transferring them to 206 cytokine-free media (Fig 2A) . The cells were maintained in culture and followed for four 207 months. Samples were collected at 30, 70, 90, and 120 dpi. To determine the number of HIV-208 1 infected cells in the total culture, we quantified the fraction of cells that harbored the 209 provirus at each time point. We followed the decline of HIV-1 infected cells, as they were 210 competed out by uninfected cells, by performing ddPCR on genomic DNA. We used gag and 211 env probes to identify HIV-1 unique regions ( Fig 2B) , and 5´ LTR probes to detect both the 212 HIV-1 and the integrated Bcl2 segment ( Fig 2C) . At 90 dpi, the estimated fraction of HIV-1 213 infected cells was 2.2% (median gag) or 1.6% (median env). The 5´ LTR signal leveled out 6% of cells were initially GFP + at 3 dpi ( Fig 2E) . Then, the GFP frequency rapidly declined 224 and became indistinguishable from the GFP-negative control Bcl2-model cells at 70 dpi.
225
Second, as an alternative method for tracking provirus activity, we measured RNA 226 levels in unperturbed cells. CA-RNA was isolated from cells at 3 and 50 dpi ( Fig 2F) . The
227
RT-ddPCR results provided a population average, in contrast to flow cytometry data, which 228 gave information on individual cells. Unlike cells from patients with HIV-1 ( Fig 1A) , in 229 Bcl2-model cells infected with HIV-1, we could not capture TAR HIV-1 transcripts, which 230 represented initial RNAPII products, because the sequence was identical between HIV-1 and 231 Bcl2 constructs. Transcription through the first nucleosome (nuc1), which lies downstream of 232 the TAR region, corresponds to early transcription extension. We found a significant nuc1 233 RNA signal at 3 dpi. At 50 dpi, possibly for technical reasons, few data points were above the 234 detection limit, as estimated by the signal from the read-through probe.
236
Prolonged quiescence diminished proviral reactivation potential 237 To examine the mechanisms underlying proviral activation, we activated T cells with TCR 238 stimulation. We stimulated the cells for 48 h with either αCD3-CD28, or phorbol 12-myristate 239 13-acetate (PMA), in conjunction with ionomycin ( Fig 3A) . T-cell activation was performed 240 6 in the presence of raltegravir to hinder viral reintegration. The T-cell activation was 241 phenotypically assessed and confirmed by cell growth, cell lumpiness, rapid media turnover, 242 and increased cell death. Unexpectedly, these clearly activated cells largely failed to present 243 the expected surface markers (CD25 or CD69) indicative of T-cell activation ( Fig S3) . The 244 control J-lat 5A8 cells presented CD25 or CD69 after activation, which ruled out technical 245 difficulties.
246
To detect latent HIV-1 reversal, we again performed ultrasensitive CA-RNA 247 quantification with ddPCR. At 50 dpi, the mature multiply-spliced transcripts were 10±3 fold 248 increased (p<0.05) after 48 h of TCR stimulation ( Fig 3B) . The nef probe, which detected all 249 transcripts completed to the 3´ end, showed a similar increase in transcription (9±3, p<0.05).
250
The probes at the 5´ region did not detect an increase after TCR activation, consistent with an 251 ongoing, non-productive transcription at the 5´ region [40] . Also, the read-through transcripts 
254
To determine the number of cells with activated provirus, GFP-positive cells were 255 detected with flow cytometry at three time-points (3, 30, and 50 dpi; Fig 3C) . T-cell 256 activation by both αCD3-CD28 conjugation and PMA/ionomycin resulted in a small, but 257 significant increase (p<0.05) in cells with activated provirus, compared to untreated cells, but 258 only under certain conditions.
259
Next, at 50 dpi, we exposed cells for 48h to a panel of previously described LRAs, 260 including the HDAC inhibitor panabinostat, the protein kinase C agonist bryostatin, and the 261 BET inhibitor JQ1. These drugs were administered in single regimens or in combinations, and 262 in the presence of raltegravir to hinder viral reintegration. Cell viability was determined and 263 only PMA/ionomycin had a significant (p<0.05) effect ( Fig S4) . The latency reversal results 264 were unconvincing; only JQ1 alone or together with bryostatin could consistently induce 265 proviral activation ( Fig 3D) . This implies that BET proteins, such histone acetyltransferase 266 BRD4 [52], played a role in latency reversal in our primary CD4 + cells.
268
RNAPII recruitment to proviral chromatin 269 We then aimed to relate the reactivation potential to the transcription machinery and the terminal domain of the RPT1 subunit ( Fig 4A) ; and the elongating RNAPII, detected by 277 phosphorylated serine 2 (ser2ph) in the same domain ( Fig 4B) . As before, we used J-lat clone 278 5A8 as a reference. Both forms of RNAPII were found at the site of the latent provirus at 30 279 dpi, and they remained at that site throughout the experiment, but the levels gradually 280 diminished.
282
Active chromatin marks remain on the provirus 283 Upon integration, the proviral DNA sequence is rapidly encapsulated in chromatin. To 284 determine the chromatin profile of the provirus, we followed the appearance of an array of 285 chromatin marks. In our primary cells, the promoter mark, H3K4me3, was associated with the 286 LTR promoter at early latency, but then, its abundance declined ( Fig 4C) . Another mark,
287
H3K27ac, which associates with active enhancers and promoters, was found throughout the 288 provirus life cycle, and its signal weakened at a rate similar to that of the other active marks, 289 except that a low H3K27ac-signal was consistently detected (Fig 4D) .
291
Inactive chromatin marks accumulate 292 To follow the epigenetic inactivation of the provirus, we assessed the distribution of 293 constitutive and facultative heterochromatin. The constitutive H3K9me3-mark appeared to be 294 uniformly distributed over the proviral body by 50 dpi (Fig 5A) . In contrast, the facultative 295 7 H3K27me3-mark gradually became more prominent throughout the time-course ( Fig 5B) . In 296 unstimulated J-lat 5A8 cells, both H3K9me3 and H3K27me3 were detected at relatively low 297 levels in the proviral body (i.e., excluding the LTR promoter).
298
Heterochromatin is more compact than actively transcribed chromatin. We 299 determined chromatin accessibility by treating isolated chromatin with a panel of nucleases 300 and amplifying the resulting fragments with qPCR. As expected from the heterochromatin 301 results, in time, the proviral chromatin was compacted; its accessibility declined over time 302 ( Fig 5C) .
304
Loss of proviral H3K27ac, but heterochromatin maintained during activation 305 Next, we asked how the proviral chromatin landscape changed during T-cell activation. Cells 306 at 30 dpi were TCR-stimulated (αCD3-CD28) or mock-treated. After 48 h, the chromatin and 307 DNA were isolated, and we interrogated H3K27ac, H3K27me3, and H3K9me3 levels with 308 ChIP-qPCR ( Fig 6A) . The purified genomic DNA revealed that 80% of proviruses remained 309 detectable after activation; i.e., through proliferation and cell death, only 20% of provirus was 310 lost after one round of activation. As expected, the stable heterochromatin marks, H3K9me3 311 and H3K27me3, remained unchanged in the core of the provirus. However, the levels of the 312 active enhancer mark, H3K27ac, dropped significantly at the four positions throughout the 313 provirus (p<0.05). This would be expected, if the H3K27ac was located on chromatin that 314 was targeted for reactivation. Interestingly, the levels of H3K27ac dropped below the levels 315 of the input DNA. This finding suggested that two mechanisms must be at work; one was the 316 loss of H3K27ac labeled proviruses and the second was the active removal of the H3K27ac-317 mark from the proviruses. Removal of H3K27ac is associated with chromatin transitioning 318 from an active to a poised state [53] . 319 We subjected the same H3K27ac ChIP sample to genome-wide sequencing. The 320 sequencing reads from the provirus were too few to support firm conclusions, but we could 321 determine H3K27ac patterns associated with cellular genes. First we confirmed technical 322 soundness by comparison to ENCODE datasets of H3K27ac ChIP in primary CD4 T-cells. 323 We constructed probes of 2kb centered on the 5´ site of all genes. The large 2kb window was 324 chosen as the H3K27ac mark spanned the HIV-1 provirus. The Pearson's correlations 325 between signals in the datasets were 0.52, with a clear positive trend ( Fig S5) . During TCR 326 activation, the H3K27ac showed no genome-wide changes. We interrogated lists of genes 327 affected at the transcriptional level when primary T cells were exposed to TCR activation [54] 328 (Table S3 ). We examined H3K27ac levels at the 2kb-defined probes prior and post activation.
329
Genes with consistently low expression, consistently high expression, or the 51 genes most 330 significantly induced (at 48 h) showed no change in H3K27ac levels with activation ( Fig 6B) . 331 However, five gene sets showed changes in gene expression, with transcriptional peaks 332 between 0 h and 72 h; these displayed variable degrees of changes in H3K27ac levels. One 333 gene set showed the highest expression within the first hour after activation, but then became 334 repressed. This gene set showed a down-regulation of H3K27ac at 48 h after TCR activation.
335
As we just demonstrated, this was the expression profile observed for latent provirus.
336
Consequently, this result indicated that the latent, reactivatable HIV-1 provirus belonged to 337 the set of genes that were transiently affected by T-cell activation, but then repressed.
339 340
Discussion 341 This study demonstrated that the reservoir of latently HIV-1 infected cells comprised 342 proviruses with heterogeneous modes of silencing, with highly different reactivation 343 potential. From a functional cure perspective, the part of the reservoir that requires 344 elimination is the fraction that can be reactivated, because that is the only compartment 345 capable of a de novo spread of virus. Our data suggested that these reactivatable proviruses 346 were marked with the enhancer mark H3K27ac, in quiescent T-cells. This finding was 347 supported by our previous study, which showed that reactivatable proviruses were largely with expression [53] . Here, we propose a model ( Fig 6C) where, upon T-cell activation, the 351 proviruses marked by either H3K9me3 or H3K27me3 heterochromatin marks remain 352 unaffected, consistent with heterochromatin tending to be stable during perturbations [36, 57] In contrast, upon T-cell activation, proviruses with enhancer marks, H3K27ac and 354 H3K4me1, are expressed, which results in the production of viral particles. HIV-1 proviruses 355 located at the nuclear pore are associated with enhancer chromatin [24] , which allows rapid 356 nuclear export. After activation, the provirus loses its H3K27ac mark, and it is actively re-357 silenced, consistent with the genome-wide trend of early repressed genes ( Fig 6B) . The loss 
368
The evidence presented here has further challenged the notion that promoter-proximal 369 RNAPII pausing is the major rate-limiting step in HIV-1 expression. Instead, we have 370 confirmed that, in latently infected cells, the appearance of mature HIV-1 transcripts was 371 blocked after the RNAPII initiation step. The observation that promoter-proximal RNAPII 372 was elongating in latently infected cells ( Fig 4B) suggested that the P-TEFb-subunit, CTD 373 ser2-kinase, CDK9, was also present during latency. P-TEFb interacts with the BET protein 374 BRD4, and BRD4 is found at the HIV-1 promoter, where it performs a silencing function 375 [39]. BRD4 recognizes H3K27ac, which explains the presence of this mark at the inactive, 376 but poised, provirus. Silencing BRD4 and activating Tat compete for P-TEFb binding 377 [60, 61] ; this competition implied that sufficient levels of Tat, produced from multiply spliced 378 transcripts, would be required to overcome this post-elongation block.
379
Current cure efforts (using the "shock-and-kill" approach) with LRAs have managed 380 to increase viral RNA levels in patients, but this approach has shown no or very limited effect 381 on the reservoir size. A previous model has shown that a medication-free sustained remission Bcl2 model cells from healthy donors (n=3) were exposed to drugs for 48h and 72h. J-lat 25 clone 5A8 was used as control. * not corresponding to the exact sequence of the HXB2 reference genome
